The ureides, allantoin and allantoic acid, are the major nitoge us substances transported within the xylem of Nrfixing soybeans (Glycine max L. Meff. cv Amsoy 71). The ureides accumulated in the cotyledons, roots and shoots of soybean seedlings inoculated with Rhizobiwm or grown in the presence of 10 millimolar nitrate. The patterns of activity for uricase and allantoinase, enzymes involved in ureide synthesis, were positively correlated with the accumulation of ureides in the roots and cotyledons. Allopurinol and azaserine inhibited ureide production in 3-day-old cotyledons while no inhibition was observed in the roots. Incubation of 4day-old seedlings with 4qClserine indicated that in the cotyledons ureides arose via de novo synthesis of purines. The source of ureides in both 3-and 4day-old roots was probably the cotyledons. The inhibition of ureide accumulation by allopurinol but not azaserine in 8-day-old cotyledons suggested that ureides in these older cotyledons arose via nucleotide breakdown. Incubation of 8-day-old plants with 1'4Ciserine suggested that the roots had acquired the capability to synthesize ureides via de novo synthesis of purines. These data indicate that both de novo purine synthesis and nucleotide breakdown are involved in the production of ureides in young soybean seedlings. tration may result from (a) de novo synthesis of purines with subsequent metabolism to ureides, or (b) the degradation of preexisting nucleotides to form ureides. In either case the activity ofboth uricase and allantoinase, two enzymes involved in ureide synthesis via purine degradation, should be observed. The site of ureide synthesis can be determined by examining the patterns of activity of uricase and allantoinase.
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The pathway or ureide synthesis can be investigated by using the inhibitors azaserine and allopurinol. Azaserine blocks the transfer of the amide-N of glutamine to formylglycinamide ribonucleotide (30) . Allopurinol inhibits the enzyme xanthine dehydrogenase (8) . Thus, azaserine is an inhibitor of de novo purine synthesis while allopurinol blocks purine degradation. Fujihara and Yamaguchi (15) found no difference in the amount of ureides in the roots of 3-d-old soybeans after treatment with azaserine. They concluded that de novo synthesis of purines is not involved in ureide production in young seedlings. However, no data were presented for the effects of azaserine on the levels of ureides in the cotyledons.
In this paper we examine the pattern of ureide accumulation in the developing soybean seedling. The role of de novo synthesis ofpurines in the production of ureides is addressed by examining the effect of inhibitors of purine metabolism on ureide synthesis and by measuring the incorporation of label from ['4C]serine into purines, allantoin and allantoic acid.
The ureides, allantoin and allantoic acid, are the major xylary nitrogenous substances of soybeans grown in association with the bacterium, Rhizobium japonicum (17, 20, 25) . The presence of ureides in the xylem stream has been linked to the process of symbiotic N2 fixation (20, 21) . The production of ureides occurs in the nodule and the ureides apparently arise from the de novo synthesis and subsequent degradation of purines (3-6, 9-11, 31) .
The concentration of ureides in young soybean cotyledons has been found to increase 2 to 5 d after planting ( 19) . The (13, 14) . Immediately after the addition of enzyme extract, 5 Ml of reaction mixture was removed and spotted on PEI-cellulose plates (Brinkman MN-polygram cel 300 PEI) which had been predeveloped in dH20 overnight (13) . The reaction mixture was incubated at 30C and 5 Ml aliquots were removed and spotted on plates at 5, 10, and 15 min after the addition of enzyme extract. Onedimensional chromatography was performed using a solvent system consisting of 0.5 M NaCl:95% ethanol (4:1). Chromatograms were developed to a distance of 15 cm. The plates were air dried and uric acid was visualized under short wavelength UV. Allantoin and allantoic acid were identified using Erlich's reagent (13) . The following relative mobilities were observed: uric acid (0.34), allantoic acid (0.43), and allantoin (0.68). The appropriate areas were cut out ofchromatograms and radioactivity was determined by liquid scintillation spectrometry.
Allantoinase activity was determined as described by Hanks et al. (16) . Enzyme extract (5-20 Ml) was incubated with 1 ml 20 mM allantoin in 20 mm Tricine (pH 7.8) for 20 min at 25C. The reaction was stopped by the addition of 1 ml 0.15 N HCI and the amount of allantoic acid produced was determined (29) . Protein concentration of extracts was determined by a modified Lowry procedure (7) .
Inhibition Studies. Azaserine Treatment. Plants grown on Nfree nutrient solution were harvested at 3, 8, and 12 d after imbibition. Seedlings were washed with dH20 and placed in 125-ml Erlenmeyer flasks (4 seedlings per flask) containing 10 mM K-phosphate buffer, pH 7.0 (buffer A) with or without 0.5 mM azaserine (15) . The flasks were entirely covered with aluminum foil and placed on a rotary shaker (28C) in the dark for 24 h. After the incubation, seedlings were washed with dH20 and separated into shoots and leaves, roots, and cotyledons. Extraction of tissue and determination of ureide content within the tissues were as described above.
Allopurinol Treatment. Plants grown on N-free nutrient solution were harvested as described for azaserine treatment. Four seedlings were placed in flasks containing buffer A with or without 0.5 mm allopurinol (15) . The base of the flasks were wrapped in aluminum foil. Seedlings were incubated in flasks under fluorescent lights (12-h photoperiod) for 24 h with continuous aeration. After incubation, seedlings were harvested and ureide determinations made as described above.
The amount of xanthine and allopurinol in the extracts was determined by ion-suppression, reverse phase HPLC with a Whatman Partisil 1O-ODS 2 column. All solvents were prepared with deionized H20 and filtered daily through a 0.45 MAm nitrocellulose filter. Samples were filtered through 0.2 Mm nitrocellulose filters by centrifugation at 5,000g for 5 min. Filtered extract (20 Ml) was injected onto the column which was equilibrated with 20 mm ammonium phosphate buffer (pH 7.5). Samples were eluted from the column as described by Atkins et al. (6) . Purine bases and nucleosides were detected at 260 nm. The following retention times (min) were observed: xanthosine (5.9), xanthine (10. Eight-d-old seedlings were placed in 10-ml test tubes containing 7 ml buffer A, 0.5 mm allopurinol, and 50 Ml [U-_4C]serine. The base of the test tube was wrapped with aluminum foil and plants were placed under fluorescent lamps for 24 h with continuous aeration of the nutrient solution.
Seedlings were harvested after incubation and extracts prepared as described for ureide determinations. Centrifugation was performed for 5 min using an Eppendorf microfuge. The acidinsoluble precipitate was resuspended in 1 N NaOH and mcubated at 37°C for 16 h (2). Aliquots of neutralized and NaOHsolubilized samples were placed in vials containing toluene:Triton X 100:PPO:POPOP (66:33:5:0.01, v/v/w/w) and radioactivity was determined. Neutralized extracts were stored at -20°C until analysis by HPLC and TLC.
Analysis of'4C-Labeled Products. Products of labeling studies were analyzed by HPLC and TLC. Bases, nuclosides, and nucleotides were separated using ion-paired, reverse phase HPLC with a Zorbax-ODS (7 Mm) column. The column was equilibrated with 5 mM tetrabutyl ammonium hydroxide (pH 6. Serine, allantoin and allantoic acid were separated by TLC (22) . Neutralized extracts (25 Ml) were spotted on PEI-cellulose F plates (E. Merck Reagents, Germany). One-dimensional ascending chromatography was performed as described by Obendorf and Marcus (22) . Sample lanes were scanned for radioactivity with a gas-flow scanner (Berthold) and the appropriate areas were cut out of the plates for determination of radioactivity by liquid scintillation spectrometry. The following relative mobilities were observed: xanthine (0.32), uric acid (0.36), hypoxanthine (0.46), xanthosine (0.52), XMP (0.62), allantoin (0.68), allantoic acid (0.78), and serine (0.94).
RESULTS
Patterns of Ureide Accumulation. The level of total ureides present in the cotyledons and in the embryonic axis, that tissue which develops into the roots and shoots of the soybean, was determined during the period 0 to 18 d after imbibition (Fig. 1) . Allantoic acid accounted for approximately 80% of the total ureides present in all tissues. The amount of total ureides in the cotyledons increased until d 6, after which time a gradual decrease in the level of ureides was observed (Fig. 1) . Nitrate appeared to have no effect on the pattern or level of ureides in the cotyledons. the axes was substantially greater than that observed in the cotyledons. At the peak of ureide accumulation for both tissues, ureide-N represented 0.7% and 6% of the total N of the cotyledons and axes, respectively. Nitrate appeared to have no effect on the level of ureides present in the axes prior to d 10. After d 10 the amount of ureides in the axes of plants grown on nitrate was greater than that ofplants grown on N-free nutrient solution.
Patterns of Uricase and Allantoinase Actti during Seedliag Development. Uricase activity was not detected in the seedlings using the standard assay in which a decrease in the concentration of uric acid is monitored at 293 nm (Table I) 14). The use of ['4C]uric acid increased the sensitivity 100-fold, thus enabling the detection of uricase activity in the roots and cotyledons of the seedling (Table I) . Even with this incsed sensitivity, no uricase activity was detected in the developing first leaves of the seedling.
Uricase activity was measured during the period 0 to 18 d after imbibition (Fig. 2) . Uricase activity was determined for both the dry seed and a seed after 1 h imbibition. A value of 2.5 + 0.1 nmol-part'-min-' was observed in both samples. Nitrate did not affect the level ofuricase activity in the cotyledons and roots. Uricase activity peaked in the cotyledons 2 to 4 d after imbibition (Fig. 2A) . The level of activity was higher in the cotyledons during this early period than in the roots. Uricase activity in the roots increased gradually until d 6 and then declined (Fig. 2B) . Nitrate did not affect allantoinase activity in the roots or cotyledons of soybean seedlings (Fig. 3) . The pattern of allantoinase activity in the cotyledons was similar to that observed for uricase activity. The level of allantoinase activity in the cotyledons on d 4 was 10-fold greater than that measured in the roots. Allantoinase activity in the roots did not vary with time, in contrast to the developmental pattern observed for uricase activity in the roots. The amount of allantoinase activity in either tissue was substantially greater than that determined for uncase activity. Leaf allantoinase activity was assayed from d 8 to 18 . The level of allantoinase activity in the leaves was relatively constant (70 gmol.part'Imin-').
Inhibition Studies. The amount ofureides in the various tissues of plants treated with the inhibitors, allopurinol and azaserine, was examined (Table II) . Azaserine and allopurinol inhibited eluted from a Zorbax-ODS column as described. Absorbance was monitored at 260 nm and radioactivity by a flow-counter. The retention times for the radioactivity data have been corrected to reflect the delay time (1.1) between absorbance detection and radioactivity detection. ureide production in the cotyledons of 3-d-old soybeans; no inhibition was observed in the roots. Azaserine did not affect ureide accumulation in the cotyledons of 8-and 12-d-old seedlings, while a substantial inhibition was observed with allopurinol. A comparable decrease in ureide content in the roots was found in the presence of both inhibitors during this period. The inhibition of ureide accumulation in the shoots was similar to that observed in the roots.
The level of xanthine in extracts of tissues treated with allopurinol was examined by HPLC. The extracts of tissues treated with 0.5 mm allopurinol were found to contain substantial quantities of xanthine (Table III) . The cotyledons were the only tissue that contained measurable amounts of xanthine in the absence of treatment with allopurinol. The cotyledons accumulated approximately 160 nmol xanthine.g' fresh weight at all harvests. The cotyledons and shoots accumulated approximately 300 nmol allopurinol-g' fresh weight.
The decrease in ureides for the cotyledons (Table IV) was comparable to the increase in xanthine observed (Table III) . On d 3 after imbibition, the decrease in the amount of ureides within the roots was equal to the amount of xanthine accumulated. As the plants aged, the decrease in the level of ureides was greater than the amount of xanthine accumulated within the roots. The (20 ul (Table IV) . This decrease was substantially greater than the level of xanthine accumulated in the shoots (Table III) . Labeling Studies. The role of de novo synthesis of purines in ureide production was examined by incubating whole seedlings with [U-'4C]serine and analyzing the distribution of radioactivity in the acid-soluble products. The total acid-soluble radioactivity recovered was 20 + 2 x I05 dpm .g' fresh weight for the cotyledons and 7 ± 1 x I05 dpm .g' fresh weight for the roots of 4-d-old plants. Both (Fig. 4) . The cotyledons from soybeans were treated with allopurinol ( Fig. 4A ) and the distribution of label was compared to that for cotyledons incubated in the absence of inhibitor (Fig. 4B) . Most of the radioactivity for the untreated cotyledons and the cotyledons incubated with allopurinol was recovered in the first peak. This peak corresponded to allantoin, allantoic acid and serine, which were not resolved on this column. The amount of label recovered in the peak at 13.6 min was different between allopurinol-treated and untreated cotyledons. The retention time of this peak corresponded to that of a uric acid standard. The identity of this peak was confirmed by separation on TLC plates. Label was incorporated into uric acid in the cotyledons of untreated plants (Fig. 4B) . Treatment with allopurinol led to the disappearance of the uric acid peak while the amount of label in xanthine (RT = 8.9 min) increased (Fig. 4A) . Some other peaks ofradioactivity were observed in the allopurinol-treated plants that were not found in the untreated plants. The identity of these peaks was not determined. The peak at approximately 39 min was tentatively identified as XMP. Allantoin, allantoic acid, and serine were separated by TLC and the per cent of total radioactivity in these compounds was determined (Table V) . In untreated plants, the ureides represented 42% of the total radioactivity in the cotyledons. Some radioactivity was found in uric acid and xanthine with the remainder being in the serine fraction. Treatment with allopurinol led to the disappearance of label in uric acid and a decrease in the percentage of label in the ureides. The majority of the label was present in serine. Treatment with azaserine resulted in the label remaining in serine. Examination ofthe labelingpattern in 4-d-old roots was difficult since the amount of radioactivity was very low (approximately one-third ofthe radioactivity found in the cotyledons). The only measurable peak of radioactivity corresponded to serine.
The distribution of total radioactivity in 8-d-old plants was also examined. The majority of the label was recovered in the roots (64 ± 3 x I05 dpm.g' fresh weight in the acid-insoluble fraction and 42 ± 3 x I0O dpm .g' fresh weight in the acidsoluble fraction). Little incorporation of label was observed in the cotyledons. An equal distribution of label (5.6 ± 0.3 x 105 dpm .g' fresh weight) between the soluble and insoluble fractions was observed for the shoots. The distribution oflabel within the acid-soluble fraction of 8-d-old roots is shown in Figure 5 . The roots of plants incubated without allopurinol contained two peaks of radioactivity (Fig. SB) . One corresponded to the allantoin, allantoic acid, and serine peak while the other was uric acid. Treatment with allopurinol led to the complete disappearance of radioactivity in uric acid (Fig. 4A) . Instead, a large amount of radioactivity was recovered in xanthine. The distribution of label in the shoots and cotyledons was similar to that found in the roots (Table VI (20) . The mechanism of inhibition has not been defined. The The accumulation of xanthine in tissues treated with allopurinol instead of hypoxanthine has been reported for other plant systems (23, 26, 27) . In the cotyledons, the accumulation of xanthine corresponded to the decrease in the level of ureides present suggesting that no utilization of ureides had occurred. A similar result was observed in 3-d-old roots. However, on d 8 and 12, the decrease in ureide accumulation in the roots was greater than the amount of xanthine accumulated in this tissue. This corresponded to the period of leaf emergence. Therefore, the difference between the decrease in ureides and the accumulation of xanthine probably reflected the increased transport of ureides from the roots to the shoots.
The data obtained from the azaserine inhibition studies suggested that ureide production via de novo synthesis of purines may occur within the cotyledons or roots at various developmental stages. To confirm the role of de novo synthesis of purines in the production of ureides, plants were incubated with ['4C]serine. Incubation of 4-d-old seedlings with labeled serine resulted in 42% of the total radioactivity in the acid-soluble fraction from cotyledons being in the ureides. Treatment with allopurinol resulted in the expected decrease in the incorporation of label into ureides and uric acid. The data for 4-d-old roots suggested that ureide production via de novo synthesis of purines was not occurring. For These results suggest that there was a shift in the site of ureide biogenesis from the cotyledons to the roots during seedling development. Ureides were formed in the cotyledons from purines synthesized de novo initially. As the cotyledons began to senesce, formation of ureides from preexisting nucleic acids increased and de novo purine synthesis declined. At the same time, purine biosynthetic activity increased in roots producing purines for ureide biogenesis and transport to the developing leaves.
